Acute pancreatitis is an inflammatory disease of the pancreas associated with high patient morbidity. Lycium barbarum polysaccharide (LBP), a traditional Chinese medicine with an active component extracted from the goji berry, has previously been reported to have anti-inflammatory effects. This study aimed to investigate the effects of LBP in a mouse model of cerulein-induced acute pancreatitis.
Background
Acute pancreatitis is an inflammatory disease of the pancreas associated with high patient morbidity and may result in systemic effects that include sepsis, acute respiratory distress syndrome, and shock which are life-threatening conditions [1] [2] [3] . The pathogenesis of acute pancreatitis is complex, but inflammation and tissue necrosis occur with the release of pancreatic enzymes, including amylase and lipase [4, 5] . Inflammation of the pancreas is also associated with the release of proinflammatory cytokines, and reactive oxygen species (ROS), resulting in further pancreatic inflammation and injury [6] . Previously published studies have shown that inflammation and oxidative stress have important roles in the pathogenesis of acute pancreatitis [7, 8] . Inhibition of ROS has been shown to protect pancreatic cells in an animal model of the lipopolysaccharide-induced chronic pancreatitis through modulation of the signaling pathways involved in inflammation [7] . In patients with idiopathic recurrent acute pancreatitis, inhibition of oxidative stress has been proposed as a potential approach to clinical treatment [8] .
Nuclear factor erythroid-2-related factor 2 (Nrf2) plays an important role in antioxidative defense mechanisms [9] . Nrf2, encoded by the NRF2 gene, belongs to the leucine zipper family and is a transcription factor that controls the expression of antioxidants. In a mouse model of alcohol-induced pancreatitis, pancreatic injury and inflammation were shown to be significantly worse when compared with wild-type mice [10] . Increased expression of NRF2 has previously been shown to protect mice with cerulein-induced acute pancreatitis by reducing tissue damage and inflammation [11, 12] .
Lycium barbarum polysaccharide (LBP), a traditional Chinese medicine with an active component extracted from the goji berry, has previously been reported to have anti-inflammatory and anti-oxidant effects [13] [14] [15] . LBP has been used as an anti-aging medicine in China for more than 2,000 years [13] . LBP treatment has been shown to have a protective anti-oxidant role in light-induced retinal degeneration in rats [14] . LBP has been reported to improve lipid profiles and oxygen status and reduce abdominal fat in patients with metabolic syndrome [15] . However, the effects of LBP on acute pancreatitis, including the antioxidant effects, remain unclear. Therefore, this study aimed to investigate the effects of LBP in a mouse model of cerulein-induced acute pancreatitis.
Material and Methods

Animals used in the study
The protocols for the animal studies were approved by the Institutional Animal Care and Use Committee of Dongguan Tungwah Affiliated Hospital of Sun Yat-sen University. Animal experiments were performed in accordance with the National Institutes of Health guidelines for the use of experimental animals. C57BL/6 mice (6-8 weeks old) and age-matched nuclear factor erythroid-2-related factor 2 (NRF2) gene knockout mice (NRF2-/-mice) were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). The mice were maintained on a 12-hour light and dark cycle and had free access to food and water.
Treatment groups and the mouse model of ceruleininduced acute pancreatitis Lycium barbarum polysaccharide (LBP) (100 mg/kg) (Xi'an Natural Field Bio-Technique Co. Ltd., Shanxi, China) was administered by once daily gavage for one week. An equivalent volume of sterile normal saline was administrated to the vehicle-treated control group. The animals fasted for 12 h prior to induction of acute pancreatitis.
The mouse model of acute pancreatitis was created using seven intraperitoneal injections of cerulein (50 mg/kg) (SigmaAldrich, St. Louis, MO, USA) at one-hour intervals [16] . All mice were euthanized at 12 hours after the first intraperitoneal injection of cerulein using an intraperitoneal injection of pentobarbitone (50 mg/kg). Blood samples and pancreatic tissue samples were obtained from each mouse.
Histology of the mouse pancreatic tissue
Pancreatic tissues formalin-fixed, embedded in paraffin wax, and then cut into 5 μm sections, placed onto glass slides and stained with hematoxylin and eosin (H&E) for light microscopy. Histological examination was performed by two pathologists who were unaware of the experimental grouping or treatment of the mice. The following histological features were evaluated and graded by light microscopy: edema, acinar necrosis, inflammatory cell infiltrate, hemorrhage, fat necrosis, and perivascular inflammation. The scoring system used (0-3) was: 0, normal; 1, mild; 2, moderate; 3, severe [17] .
Wet to dry (W/D) pancreatic weight ratio
The pancreas was harvested fresh from each mouse following death. The fresh pancreas was weighed immediately to obtain the wet weight. After drying in an oven at 80°C for 48 h, the dry weight of the pancreas was obtained. The W/D ratio of the pancreas was calculated for each mouse.
Measurement of amylase and lipase
Amylase kits (Zhongsheng Beikong Bio-Technology, Beijing, China) and lipase kits (Nanjing Jiancheng Corp., Nanjing, China) were used to measure the activity of amylase and lipase in the mouse blood, according to the manufacturers' instructions.
Measurement of reactive oxygen species (ROS)
The pancreatic tissues were homogenized in tissue lysis buffer (Cell Signaling Technology Inc., Beverly, MA, USA) using a rotor-stator homogenizer. The ROS levels in pancreatic tissues were determined by measuring lipid hydroperoxide using a lipid hydroperoxide assay kit, according to the manufacturer's instructions (Cayman Chemical, Ann Arbor, MI, USA).
Measurement of anti-oxidant enzymes
The activity of heme oxygenase-1 (HO-1) in the mouse pancreas was determined by measuring the amount of bilirubin generated in a mixture of pancreatic tissue homogenate, nicotinamide adenine dinucleotide phosphate (NADPH), glucose-6-phosphate, glucose 6-phosphate dehydrogenase (G6PD), and protohemin. The activity of superoxide dismutase (SOD) in the pancreatic tissue homogenate was determined using a specific kit (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China), according to the manufacturer's instructions.
Enzyme-linked immunosorbent assay (ELISA)
Tumor necrosis factor (TNF)-a and interleukin (IL)-6 levels in the blood were measured using commercial ELISA kits, according to the manufacturer's instructions (R&D Systems, Minneapolis, MN, USA).
Western blot
Protein extracted from mouse pancreas was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride (PVDF) membrane. The membrane was incubated with primary antibodies to Nrf2 (1: 500 dilution) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), Lamin B (1: 500 dilution) (Santa Cruz Biotechnology, Dallas, TX, USA) and horseradish peroxidase (HRP)-conjugated secondary antibodies (1: 5,000 dilution) (Santa Cruz Biotechnology, Santa Cruz, CA, USA). After blocking with 5% dried skimmed milk powder, bands on the membrane were detected using enhanced chemiluminescence (ECL) (Bio-Rad Laboratories, Hercules, CA, USA) and measured by densitometric analysis using Image J software (NIH, Bethesda, MD, USA).
Statistical analysis
SPSS version 20.0 software (IBM, Armonk, NY, USA) was used for statistical calculations. Data were expressed as the mean ±SEM and analyzed with one-way analysis of variance (ANOVA) followed by Bonferroni's t-test. Student-Newman-Keuls (SNK) method was used for comparison of the data obtained from histology of the pancreas from the mice in the different groups. A P-value <0.05 was considered to be statistically significant.
Results
Lycium barbarum polysaccharide (LBP) reduced ceruleininduced acute pancreatitis in the mouse model As shown in Figures 1 and 2A , in the cerulein-induced mouse model of acute pancreatitis, inflammatory cell infiltration, edema, and hemorrhage were found 12 hours after the first intraperitoneal injection of cerulein. However, the degree of the cerulein-induced pancreatic inflammation seen on histology was reduced by pre-treatment with LBP (Figures 1, 2A) . The wet to dry (W/D) pancreatic weight ratio was a sensitive method for the measurement of edema in the pancreas, as in the mice in the group with cerulein-induced acute pancreatitis, there was a significant increase in the W/D ratio compared with the mice in the control group ( Figure 2B ), which was significantly reduced in the LBP-treated mouse model group when compared with vehicle-treated mouse model group ( Figure 2B ). Levels of amylase and lipase in the blood samples were significantly increased in the mouse group with cerulein-induced acute pancreatitis compared with the control group. The cerulein-induced increase in serum amylase and lipase levels were reduced in the LBP-treated mouse group compared with the vehicle-treated mouse group ( Figure 2C, 2D) .
LBP reduced cerulein-induced pro-inflammatory cytokines and production of reactive oxygen species (ROS)
The serum levels of tumor necrosis factor-a (TNF-a) and interleukin-6 (IL-6) were significantly increased in the mouse group with cerulein-induced acute pancreatitis compared with the control group ( Figure 2E, 2F) . The upregulation of TNF-a and IL-6 levels were reduced by LBP treatment (Figure 2E, 2F ). In the mouse group with cerulein-induced acute pancreatitis, there was an increase in the production of reactive oxygen species (ROS) compared with the control group, which was reduced by pre-treatment with LBP ( Figure 3A) .
LBP treatment increased the expression of nuclear factor erythroid-2-related factor 2 (Nrf2) and antioxidant enzymes activities in the cerulein-induced mouse model of acute pancreatitis
The expression levels of Nrf2 in the cell nucleus was increased in LBP-treated mice compared with vehicle-treated group ( Figure 3B) . Also, the expression of heme oxygenase-1 (HO-1) and superoxide dismutase (SOD) were increased in LBP-treated mice compared with the vehicle-treated group ( Figure 3C, 3D) . To investigate whether the effects of LBP on cerulein-induced acute pancreatitis was Nrf2-dependent, NRF2 gene knockout mice were studied. The results showed that the protective effect of LBP on cerulein-induced acute pancreatitis was reduced in NRF2 gene knockout mice (NRF2-/-) (Figures 1-3 ).
Discussion
Nuclear factor erythroid-2-related factor 2 (Nrf2) has previously been shown to have a protective effect in animal models of acute pancreatitis [11, 18] . Lycium barbarum polysaccharide (LBP) has previously been shown to induce the expression of Nrf2 in an insulin-resistant animal model fed a high-fat diet [19] . The findings of the present study showed that LBP increased the expression of Nrf2 in a mouse model of cerulein-induced acute pancreatitis, and reduced pancreatic edema, inflammation, hemorrhage, amylase levels, and lipase levels. However, the effects of LBP on the cerulein-induced mouse model of acute pancreatitis were reduced in NRF2 gene knockout mice. The findings of the present study indicated that the effects of LBP pre-treatment on cerulein-induced acute pancreatitis were Nrf2-dependent. 
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Under physiological conditions, Nrf2 is located in the cytoplasm and is specifically inhibited by Kelch-like ECH-associated protein 1 (Keap1). Under conditions of stress, Nrf2 accumulates in the cell nucleus and escapes from Keap1-mediated degradation. After translocating into the nucleus, Nrf2 regulates the transcription of antioxidative genes by binding to the antioxidant response element. Previously published studies have shown that flavonoids reduce inflammation in an animal model of acute pancreatitis by activation of Nrf2-mediated pathways [20] . Increased expression of Nrf2 was found in melatonin-treated mice with acute pancreatitis [21] . The findings of the present study were consistent with the findings from previously reported studies and showed that LBP increased the expression of Nrf2 in the mouse model of cerulein-induced acute pancreatitis. LBP treatment was also associated with an increase in levels of antioxidant enzymes and reduced pancreatic inflammation and tissue damage by the activation of Nrf2.
The antioxidant effects of Nrf2 depend on its downstream antioxidant enzymes. For example, superoxide dismutase (SOD) catalyzes the dismutation of oxygen and hydrogen peroxide and has an important role in defense from oxidative damage. Reduced activity of SOD has been previously reported in an animal model of acute pancreatitis [18] . The findings of the present study are supported by previously published studies, and in the cerulein-induced mouse model of acute pancreatitis, the reduction of SOD activity was reversed by treatment with LBP. Heme oxygenase-1 (HO-1) protects cells and tissues during inflammation and oxidative stress and catalyzes heme to carbon monoxide and biliverdin [22] . previously published studies have shown that carbon monoxide and biliverdin generated by HO-1 had a protective role in animal models of acute pancreatitis and has been shown to be upregulated [23] . Increased expression of HO-1 has previously been shown to reduce the degree of inflammation in an animal model of acute pancreatitis and inhibition of HO-1 increased the severity of acute pancreatitis [24] . Also, a preclinical animal study reported that external drainage of the biliary tract reduced the severity of acute pancreatitis by upregulation of HO-1 [25] . Overexpression of HO-1 by an adenoviral vector has been reported to reduce the severity of acute pancreatitis in an animal model [26] . Clinically, upregulation of HO-1 in peripheral blood mononuclear cells of patients with acute pancreatitis has been shown to be associated with clinical improvement [27] . Consistent with these previously published results, the results of the present study showed that the expression of HO-1 was increased in the LBP-treated mouse model of acute pancreatitis, resulting in increased defense from oxidative stress and tissue damage.
The results of this study, combined with previous studies [11, 18] indicate that Nrf2 has a role in reducing inflammation and its effects in a mouse model of cerulein-induced acute pancreatitis. In the present study, the activation of Nrf2 was enhanced in LBP-treated mice. Because it was previously unclear whether the effect of LBP in acute pancreatitis was Nrf2-dependent, an NRF2 gene knockout mouse model was used. The findings showed that NRF2 gene knockout reduced the protective effect of LBP on acute pancreatitis. This finding indicated that the protective effect of LBP on cerulein-induced acute pancreatitis was at least partly Nrf2-dependent.
This study had several limitations. The mice were pre-treated with LBP before the mouse model of cerulein-induced acute pancreatitis was created. Clinically, acute pancreatitis is not a preventable disease, and the effects of a compound used before the onset of the disease are not representative of the clinical situation. However, the condition of post-endoscopic retrograde cholangiopancreatography (ERCP)-induced pancreatitis is a form of preventable acute pancreatitis that might be amenable to future studies on the effects of preventive therapy [28] [29] [30] .
Conclusions
In a mouse model of cerulein-induced acute pancreatitis, Lycium barbarum polysaccharide (LBP) reduced inflammation by upregulating the nuclear factor erythroid-2-related factor 2 (NRF2) gene and heme oxygenase-1 (HO-1). Findings from this preliminary study in a mouse model of acute pancreatitis require future controlled studies to investigate the clinical effects of LBP in acute pancreatitis.
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